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Introduction {#sec001}
============

Nanomaterials, particularly metal and metal oxide nanoparticles are considered as a unique group of materials with specific physical and chemical features and have wide applications in different scientific fields such as biomedicine \[[@pone.0237567.ref001], [@pone.0237567.ref002]\], biosensing technology \[[@pone.0237567.ref003]\], catalysis \[[@pone.0237567.ref004], [@pone.0237567.ref005]\], tissue engineering \[[@pone.0237567.ref006]\], food packaging \[[@pone.0237567.ref007]\], and environmental sciences \[[@pone.0237567.ref008]\]. Among all metal oxide nanoparticles, magnesium oxide nanoparticle (MgONPs) has received much attention for its unique biocompatible nature and high stability under extreme conditions \[[@pone.0237567.ref009], [@pone.0237567.ref010]\]. MgONPs have been used in electronics, catalysis, additives, ceramics, photochemical products, paints, and medicine \[[@pone.0237567.ref011], [@pone.0237567.ref012]\]. Conventional procedures for the preparation of MgONPs require toxic chemicals with high amount of external heat and also forms several hazardous side products that could have potential biological and environmental threat. Thus, there always exists a huge desire to develop environmentally compatible, economic, energy efficient green chemical procedures to elude the use of toxic chemicals in the preparation of nanoparticles \[[@pone.0237567.ref013]\]. To conquer these obstacles, natural products (plants, sponges, and marine algae) presents the excellent resources suitable for the biogenic synthesis of metal and metal oxide nanoparticles. The advantage of using plant biomasses in the synthesis of magnesium oxide nanoparticles is easy accessibility, environment friendly, safe and mostly non-toxic \[[@pone.0237567.ref014]\]. These herbals contain different types of biomolecules including terpenoids, alkaloids, carboxylic acids and phenolic compounds that can effectively serve as reducing and stabilizing agents in the formation of metal oxide nanoparticles \[[@pone.0237567.ref015]\]. The *Saussurea costus* (Family Asteraceae) is a perennial or biennial herb naturally found in alpine grassland and on rocky slopes across the northeast and northwest sub Himalayan regions \[[@pone.0237567.ref016]\]. Literature studies claim that *S*. *costus* is represented by two varieties; dark brown colored Indian wood costus is known as Qustal hindi and milky white colored sea incense costus is known as Qustal bahri. It is a potent plant used for different medicinal, nutritional and commercial purposes worldwide \[[@pone.0237567.ref017]\]. In the traditional folk medicine roots of *S*. *costus* are used as an ethnomedicine to cure indigestion, analgesic, abdominal pain, anthelmintic, dyspepsia, fever, and bronchitis \[[@pone.0237567.ref018]\]. The extracts and isolated macromolecules of *S*. *costus* are reported to exhibit antimicrobial \[[@pone.0237567.ref019]\], anticancer \[[@pone.0237567.ref020]\], anti-diabetic and antilipidemic \[[@pone.0237567.ref021]\], anti-hepatotoxic \[[@pone.0237567.ref022]\] and anti-inflammatory \[[@pone.0237567.ref023]\] properties. Phytochemically, it contains sesquiterpenes, alkaloids, triterpenes, lignans, and tannins as the main bioactive constituents \[[@pone.0237567.ref024]\].

Over the above described medicinal properties, this plant species has been further used to prepare magnesium oxide nanoparticles due to its immense potential impact in medicine. Consequently, various studies have been carried out on the root extracts of *S*. *costus*. However, there are no published data available for the utilization of *S*. *costus* root extract for the synthesis of magnesium oxide nanoparticles. In our study, two varieties of *S*. *costus* (Qustal hindi and Qustal bahri) root biomasses were utilized for the synthesis of bio and eco-friendly MgO nanoparticles with green chemistry. Magnesium oxide nanoparticles possess astonishing biomedical applications and are used as ointments for the treatment of heart burns, wounds and bone regeneration \[[@pone.0237567.ref025], [@pone.0237567.ref026]\]. Furthermore, these nanoparticles have displayed excellent toxic effects against various multidrug resistant human pathogens and can be used as an alternative medication \[[@pone.0237567.ref027]\]. The presence of protein caps on the metal oxide nanoparticles contributes in binding and stabilizing the bacterial cell surface, causing increments in binding and absorption of the medicine on infected cells \[[@pone.0237567.ref028]\]. However, several studies were performed to test the efficacy of magnesium oxide nanoparticles in killing cancerous cells and they were found effective against several cancer cells \[[@pone.0237567.ref029], [@pone.0237567.ref030]\]. Breast cancer is the most common diagnosed cancer among female population taking almost 522,000 lives of women every year worldwide. Despite the modernization in the cancer treatment, complete cure is still a concern \[[@pone.0237567.ref031]\]. The conventional treatment of breast cancer revolves around the surgical removal of malignant tissues, chemotherapy, ionizing radiotherapy and hormonal therapy. Unfortunately, all of them induce some severe side effects such as systemic toxicity, high rate of drug resistance and destroying the adjacent normal cells \[[@pone.0237567.ref032]\]. Hence, there is an urgent demand for alternative strategies to develop ecofriendly, nontoxic, cost effective and targeted drugs to treat the cancer. The unique physico-chemical features of nanomaterial open up new ways for diagnosis and treatment of cancer due to their small size \<100 nm, exceptional binding abilities with proteins, lipids and nucleic acids present on the cell surfaces and within the body cells \[[@pone.0237567.ref033]\]. Currently, metal oxides such as magnesium oxide nanoparticles have been engineered as new useful anticancer therapy tools against various types of cancer \[[@pone.0237567.ref034]\]. The interaction between magnesium oxide nanoparticles with human serum albumin was addressed and their anticancer activity against leukemia K562 cell line was reported \[[@pone.0237567.ref035]\]. Moreover, the interaction of magnesium oxide nanoparticles with curcumin and β-cyclodextrin was used as inhibiting agents in the proliferation of breast cancer cells (MCF-7) \[[@pone.0237567.ref036]\].The combinational treatment of the cancer by magnesium oxide and herbal extracts may cause synergistic cytotoxic effects on the cancer cells.

Considering the medicinal importance of metal oxide nanoparticle synthesis, especially magnesium oxide using different plant extracts, the aim of the current study was green synthesis and characterization of magnesium oxide nanoparticles using *Saussurea costus* root extracts as reducing agents.The biomedical efficacy of MgONPs prepared by two different varieties of *Saussurea costus* (Qustal hindi and Qustal bahri) was individually evaluated for antipathogenic, anticancer and photocatalytic properties.

Material and methods {#sec002}
====================

Botanical and chemical materials {#sec003}
--------------------------------

Roots of Qustal hindi (Indian wood Costus) were collected from Kaghan forest (N 33° 42ꞌ 37.1772, E 73° 2.5688 ꞌ), while as roots of Qustal bahri (Sea Incense Costus) were collected from a coastal region of Karachi (N 24.7897°, E 67.0439°) Pakistan in July 2017, under the supervision of one of the authors (MA). No specific permits were required for field activities including sample collection from the described locations. These locations are open to the public and neither privately owned nor protected in any way. This plant species are very common to the region that does not fall into a category of endangered or protected species as per International Union for the Conservation of Nature (IUNC) rule. These roots were subsequently examined and identified by Prof. Dr. Mohamed Yousef, systematic taxonomist from Department of Pharmacognosy, College of Pharmacy at King Saud University, Saudi Arabia. Voucher specimens bearing catalogue No: (QH-7801) and (QB-7802) were deposited in the herbarium of the same department for Qustal hindi and Qustal bahri, respectively. However, methanol (98.9%, PubChem CID: 887), magnesium nitrate (Mg(NO~3~)~2~.6H~2~O, 99.9%), sodium hydroxide (99.8%), and dimethyl sulfoxide (DMSO) were provided by Sigma Aldrich (Hamburg, Germany).

Preparation of *S.costus* biomass {#sec004}
---------------------------------

To prepare the *S*. *costus* biomasses, 1000 g of air-dried, powdered roots of each variety were placed individually in two separate Soxhlet apparatus and extracted by refluxing with 98.9% of methanol (3 L) for 3 h. The whole process was repeated thrice, all the pooled methanolic biomasses was then filtered off and the solvent was removed under reduced pressure on a rotatory evaporator at 50 ^o^C, affording 345 g and 432 g of methanol biomass for Qustal hindi and Qustal bahri, respectively.

Synthesis of MgO nanoparticles {#sec005}
------------------------------

The synthesis of MgONPs was conducted using two different biomasses of *S*. *costus*. Briefly, 50 mL of each *S*. *costus* biomass was mixed with 20 mL (1.0×10^−3^ molL^-1^) of an aqueous solution of Mg(NO~3~)~2~ under continuous magnetic stirring for 4 h at 80°C. The formation of yellowish brown solution indicated the reduction of Mg(NO~3~)~2~ to MgONPs. Further, the synthesized MgONPs were calcinated for 3 h at 450°C in a muffle furnace.

Microscopic and spectroscopic characterization {#sec006}
----------------------------------------------

To verify the formation of MgONPs, UV-Vis spectrum was measured in the absorption wavelength ranging from 200 to 800 nm using (UV 2450, Shimadzu, Kanagawa, Japan) spectrophotometer. FTIR-analysis was used to detect and measure the functional group of *S*. *costus* biomasses used for the preparation of MgONPs in the range of 4000--400 cm^-1^ (PerkinElmer Ltd., Yokohama, Japan). Cu Kα radiation was employed to determine the X-ray diffraction (XRD) spectrum of MgONPs at 40 kV and 30 mA (Siemens, Erfurt, Germany, diffractometer). Scanning Electron Microscopy (SEM) in combination with Energy Dispersive X-ray spectroscopy (model JSM-7610F, JEOL, USA) was used to characterize the surface morphology of biosynthesized MgONPs. Zeta potential (ZP) and dynamic light scattering (DLS) analyzer (dynapro®Plate Reader III, Waytt, Japan) was applied to assess the stability and size of prepared MgONPs.

Antimicrobial activity {#sec007}
----------------------

Antimicrobial activity of synthesized MgONPs with two different biomasses of *Saussurea costus* (Qustal hindi and Qustal bahri) was measured in terms of zone of inhibition against four bacterial (Gram positive: *Staphylococcus aureus* ATCC 25923 and *Bacillus subtilis* ATCC 6633, Gram negative; *Escherichia coli* ATCC 25966 and *Pseudomonas aeruginosa* ATCC 27853) and two fungal (*Candida tropicalis* ATCC 66019 and *Candida glabrata*) strains using agar well diffusion assay \[[@pone.0237567.ref037]\]. The bacterial and fungal isolates were pre-cultured on nutrient agar (Oxoid) and PDA (potato dextrose agar, Oxoid). The microbial suspension of 0.5 McFarland turbidity from each microbe was prepared in 5 mL nutrient broth tubes for the antimicrobial assays. The prepared microbial suspensions were loaded on the surface of Mueller Hinton (Oxoid) plates by using sterile cotton swabs. Wells (6 mm) were made on the surface of the agar plates by using sterile cork borer and then each well was loaded with 100 μL of each MgONPs (15--35 μgmL^-1^ DMSO), respectively. Plates were incubated aerobically at 37°C for 18--24 h.

Bacteriostatic and bactericidal (MIC and MBC) determination {#sec008}
-----------------------------------------------------------

In current study, minimum inhibitory concentration (MIC) of MgONPs against *E*. *coli* and *P*. *aeruginosa* was conducted in triplicates by Micro-broth dilution assay. The tested concentrations were ranged from 5 to 1280 μg mL^-1^. Briefly, 2-fold serial dilutions were performed in 96 well plates where the first column was the positive control (containing the broth and the microbial cells) and the last column as the negative control (broth and the MgONPs). 50 μL of each of the microbial suspensions was loaded, respectively, and after incubation for 24 h at 37°C the results were recorded at 600 nm using an ELISA reader (Biotech). For comparison, tetracycline (TE, 30 μg) and DMSO were used as a positive and negative control, respectively. The lowest concentration of MgONPs which can cause a complete bactericidal effect (MBC) was measured by plating aliquots of tubes with first turbid and no visible growth. Aliquots of treated samples were uniformly spread on nutrient agar plates using a sterile L rod and incubated for 12 h at 37°C.

Morphological study of *E. coli* and *P. aeruginosa* (SEM) {#sec009}
----------------------------------------------------------

Scanning electron microscopy was used to evaluate the effect of MgONPs on the morphology of both treated and untreated *E*. *coli* and *P*. *aeruginosa*. Treated bacteria were cut into 5- by 10-mm pieces, fixed in 3% gluteraldehyde in phosphate buffer saline solution for 1 h, followed by fixation in 2% osmium tetroxide for another 1 h. The tissues were then dehydrated in ethanol and dried with carbon dioxide. The dried tissues were mounted on aluminum stubs with silver pain vacuum coated with gold palladium alloy and viewed by SEM at an accelerating voltage of 15 kV.

Cytotoxicity of green biosynthesized MgONPs {#sec010}
-------------------------------------------

Human breast cancer line MCF-7 was purchased from the Research Center of King Faisal Specialist Hospital, Saudi Arabia and cells were grown as monolayer cultures maintained in Dulbecco's Modified Eagle Media (DMEM) with 10% Fetal Calf Serum, 100 U/mL of Penicillin G, 50 μgmL^-1^ of Gentamycin and 100 μgmL^-1^ of Streptomycin at 37°C in a humidified atmosphere with 5% CO~2~. DMSO was used to prepare the stock solution and kept in refrigerator at −20°C till further use. In this study, freshly prepared aliquots with 0.1% in DMSO were used at a final concentration and measurements were performed in triplicates. The cytotoxicity of biosynthesized MgONPs was evaluated by MTT and LDH assays. Briefly, the succinate dehydrogenase enzyme released from mitochondria of live cell cleaved tetrazolium rings of 3-\[4,5-dimethylthiazol-2- yl\]-2,5-diphenyl tetrazolium bromide (MTT) and viable cells turned yellowish MTT solution into violet colored formazan crystals. This assay is reliable, sensitive, and quantitative method for the measurement of cell viability \[[@pone.0237567.ref038]\]. Each well of 96-well plate was seeded by 100 μL of MCF-7 cell solution in freshly prepared media with cell density of 1.0 × 10^4^ cells mL^-1^ and incubated for 12 h. After incubation, equal amount of fresh medium was used to replace the supernatant of old culture media and incubated for 48 h after adding different concentrations (20, 40, 60, 80 and 100 μgmL^-1^) of MgONPs (Qustal hindi and Qustal bahri). After the appropriate incubation, 100 μL MTT solution (0.5 mgmL^-1^) was added to each plate and kept in the dark at 37°C for 4 h. The cells in the plate were finally centrifuged at 800 rpm for 3 min and the supernatant was replaced by 100 μL of DMSO containing violet colored-formazan crystal. Then, the microtiter plate reader was used to record the absorbance at 570 nm. The cell viability percentage was calculated using the following equation: Cell viability % = (OD of the treated MgONPs cells/ OD of the untreated cells) × 100, and then IC~50~ was calculated \[[@pone.0237567.ref039]\]. Additionally, lactate dehydrogenase leakage (LDH) assay was used to assess the damage of cell membrane and loss of membrane integrity \[[@pone.0237567.ref040]\]. The qualitative and quantitative analysis of intracellular reactive oxygen species (ROS) was carried out according to Laurite et al. method \[[@pone.0237567.ref041]\] by using fluorescent probe DCFH-DA at emission wavelength 540 nm after excitation at 487 nm. However, the potential changes in mitochondrial membrane (ΔΨm) after the treatment with MgONPs were determined by Suganthy et al \[[@pone.0237567.ref042]\] method by using Rhodamine 123 staining.

DNA fragmentation detection {#sec011}
---------------------------

8 well plates were seeded with 1.0×10^5^ MCF-7 cells and incubated for one day. After changing the culture medium with freshly prepared medium, MgONPs was added at IC~50~ concentration values as a test drug. Paclitaxel and 1X phosphate buffer saline of pH 7.4 were used as a control for positive and negative groups, respectively. Further incubation was performed under humidified air with 5% CO~2~ in one day at 37°C. The DNA was isolated from the harvested cells and dissolved separately in the DNA loading buffer. The electrophoresis was carried on 1.5% agarose gel \[[@pone.0237567.ref043]\].

Apoptosis of MCF-7 cells {#sec012}
------------------------

Double staining with two dyes, acridine orange (AO) and ethidinum bromide (EtBr) was used to facile the estimation of cancer cell death. Following MgONPs treatment, MCF-7 cells were washed with phosphate buffer solution and stained with an AO/EtBr solution (1:1, v/v) at a final concentration of 200 μgmL^-1^ and incubated for 30 min. The first dye destroys the cell membrane and binds with the nucleic acid of the cell and emits green fluorescence while the second dye can enter the cell after membrane destruction and binds with the nucleic acid to produce red fluorescence \[[@pone.0237567.ref038]\].

The detection method was conducted by seeding MCF-7 cells of 1.0×10^4^ cells into each well plate and incubated for one day. After replacing the old culture medium with new freshly prepared, 200 μL of the medium was kept and the synthesized MgONPs in IC~50~ concentration values was added. 20 to 100 μg/mL^-1^ solution of MgONPs was prepared in DMEM medium. Different concentrations have been tried in order to find out the minimum inhibitory concentration. In earlier reported literature the MgO nanoparticles (200μg) were found effective against lung cancer cell line A549 \[[@pone.0237567.ref044]\]. So considering the previous study, we selected the above mentioned concentrations in order to find out IC~50~ values. Paclitaxel and 1X phosphate buffer saline of pH 7.4 were used as a control for positive and negative groups, respectively. Further incubation was performed under humidified air with 5% CO~2~ in one day at 37°C, then the culture medium was removed and phosphate buffer saline (1.0×10^−3^ mol L^-1^, pH 7.4) was used to wash the cancer cells. The cells were kept in the dark after staining by 100 μg mL^-1^ of each AO and EtBr and incubated for 30 min. Then the cells were detected under an inverted microscope (blue filter fluorescence) at 400 x magnification, after washing with phosphate buffer saline (1.0×10^−3^ mol L^-1^, pH 7.4) \[[@pone.0237567.ref045]\]. The 40-6-diamidino-2-phenylindole (DAPI) stain was used to study the nuclear morphology of MCF-7 cancer cells by forming double-stranded DNA fluorescent complexes \[[@pone.0237567.ref046]\]. The nuclear morphology detection was carried out using fluorescence blue filter under inverted microscope after adjusting the cell conditions. Briefly, each well was seeded with 1.0×10^4^ MCF-7 cells and incubated for one complete day. The same procedure as mentioned above was followed using DAPI staining after washing the cells with phosphate buffer saline (1.0×10^−3^ mol L^-1^, pH 7.4) \[[@pone.0237567.ref047]\].

Scratch wound healing assay {#sec013}
---------------------------

8-well plate was seeded with MFC-7 cells at 1.0×10^4^ cells/mL concentration after growing to 80% and harvested by trysinization. The seeded well plates were incubated in Dulbecco\'s Modified Eagle Medium (DMEM) for one day at 37°C. The fresh medium without fetal bovine serum was used to replace the culture medium and incubated further for one day. In the center of each well, which contains monolayer cancer cells, a scratch wound was made with a sterile pipette tip (10 mL) and washed three times with 10 mM phosphate buffer saline. The wounded cells were administrated with 1 mL of complete medium and MgONPs were given to the test group and medium was used as control followed by incubation at different time intervals (24, 48 and 72 h). An inverted microscope was used to take the images of migrated cells at 100 x magnification \[[@pone.0237567.ref048]\].

Catalytic activity of MgONPs {#sec014}
----------------------------

The ability to degrade the methylene blue dye in the presence of visible and ultra-violet radiations, the catalytic activity of the biosynthesized MgONPs nanoparticles was tested. About 25 mg of MgONPs were mixed with 250 mL of methylene blue dye solution under continuous magnetic stirring in dark for 30 min. After equilibrium between the tested dye and MgONPs was achieved, the mixture exposed to sunlight and UV radiation using 120 W mercury vapor lamp. After regular time intervals (20 min), 5 mL of the suspensions was withdrawn and centrifuged. The UV--visible spectrophotometer (Biotek, Elx 50, Canada) was used to measure absorbance at 660 nm and percentage rate of degradation e of the dye was calculated as per the formula: $$\%\ of\ degradation\  = \ C_{i}‐C_{f}/C_{i} \times \ 100\ where,\ C_{i}\ and\ C_{f}\ were\ the\ initial\ and\ final\ concentrations\ of\ dye\ at\ a\ time\ interval\ ``t"\ respectively.$$

Statistical analysis {#sec015}
--------------------

Statistical analyses were carried out in triplicates using one-way ANOVA and the data were expressed as mean ± Standard deviation at the degree of confidence limit p value \< 0.05.

Results and discussion {#sec016}
======================

Spectroscopic analysis {#sec017}
----------------------

The synthesis of MgONPs was confirmed by UV-Vis technique ([Fig 1A](#pone.0237567.g001){ref-type="fig"}). The size, shape and the nanoparticles distribution in the colloidal matrix influences the surface plasmon resonance (SPR) band \[[@pone.0237567.ref049]\]. The appearance of SPR band at wavelengths lesser than 300 nm revealed the presence of tiny particles, however at longer wavelengths, proved the presence of anisotropic nanoparticles \[[@pone.0237567.ref050]\]. In the current study the color transition from yellow to yellowish brown and dark brown revealed the formation of MgONPs from Mg(NO~3~)~2~ by using biomass of two varieties of *S*. *costus* (Qustal hindi and Qustal bahri). Two different sharp absorption peaks were observed at the same wavelength at 250 and 320 nm for MgONPs of *Saussurea costus* biomasses (Qustal hindi and Qustal bahri). The appearance of absorption peaks at these wavelengths confirmed the formation of small sized MgONPs as previously addressed by Nakamoto \[[@pone.0237567.ref051]\] and Sharma et al \[[@pone.0237567.ref052]\]. The difference in the absorption intensities of the yellow to brown color (conformation for MgONPs formation) indicated the variation in effective reduction of the metallic magnesium oxide by different *Saussurea costus* biomasses referring to their reducing capabilities. It is a well-known fact that MgONPs exhibit various colors according to their size and morphology \[[@pone.0237567.ref053]\]. From [Fig 1A](#pone.0237567.g001){ref-type="fig"}, the intense and sharp SPR peak was observed for MgONPs synthesized using Qustal bahri biomass and the increase in intensity of the absorption band is attributed to the formation of a large number of highly dense nanoparticles \[[@pone.0237567.ref054]\]. It was noticed that the size and distribution of the synthesized magnesium oxide nanoparticles were highly influenced by the type of biomass used \[[@pone.0237567.ref055]\]. Additionally, the other absorption peak in 200--250 range revealed the presence the various bioactive constituents such as polyphenolics and flavonoids, which might be accountable for the Mg(NO~3~)~2~ reduction to MgONPs.

![(A) UV-Vis, (B) FT-IR and (C) XRD spectra of MgONPs synthesized with *S*.*costus* (Qustal hindi and Qustal bahri) biomasses, respectively.](pone.0237567.g001){#pone.0237567.g001}

FTIR analysis was performed to identify the bioactive constituents of green synthesized MgONPs using *Saussurea costus* (Qustal hindi and Qustal bahri). As shown in [Fig 1B](#pone.0237567.g001){ref-type="fig"} (1a and 1b), FTIR profile of MgONPs displayed six main bands assigned to different bioactive functional groups. The bands at 3432 (OH stretching), 1402 (OH bending vibration), 1624 ((C = O)NH group), 2918 (C-H aromatic stretching), 1056 (C = O stretching) and 661(Mg-O stretching) cm^-1^ were displayed by MgONPs prepared by Qustal hindi. However, the bands at 3432 (OH stretching), 1462 (OH bending vibration), 1634 ((C = O)NH group), 2918 (C-H aromatic stretching), 1165 (C = O stretching) and 594 (Mg-O stretching) cm^-1^ were displayed by MgONPs prepared by Qustal bahri \[[@pone.0237567.ref056]\]. The similarity between the spectra of two varieties of magnesium oxide nanoparticles (Qustal hindi and Qustal bahri) show some marginal shifts in peak position and the absence of some peaks, clearly indicate the presence of residual plant biomass in the reduction matrix. The shift in the peaks with low band intensity were observed in the frequency near 1402, 1624, 1056 and 594 cm^-1^ implying that hydroxyl, (C = O)NH, C = O, and Mg-O groups from the Qustal bahri biomass were more capped with magnesium oxide nanoparticles \[[@pone.0237567.ref055]\]. The variations in the FTIR spectrum in two above titled MgONPs could be due the presence of different types of chemical constituents of *S*. *costus* (Qustal hindi and Qustal bahri) biomasses. Thus, the FTIR analysis can be used to confirm the bending and stretching vibrational frequency of MgONPs and the obtained results suggested that the phenolics and flavonoids present in biomasses of *Saussurea costus* (Qustal hindi and Qustal bahri) might be responsible for the formation of MgONPs from the reduction of Mg(NO~3~)~2~.

The XRD-analysis was used to characterize the nano and crystal structure of MgONPs. At optimal conditions the XRD pattern of MgONPs showed five significant peaks at 37.28°, 41.82°, 61.25°, 74.65°, and 77.45° representing 111, 200, 220, 311 and 222 planes, respectively ([Fig 1C](#pone.0237567.g001){ref-type="fig"}, a and b). The XRD pattern revealed that the synthesized MgONPs were cubic in structure and crystalline in nature (JCPDS file no. 39--7746) with particle size around 30 nm and 34 nm for Qustal hindi and Qustal bahri, respectively. Almost similar XRD results were reported for MgONPs prepared by other biogenic materials \[[@pone.0237567.ref044]\].

Microscopic analysis {#sec018}
--------------------

The TEM and SEM images illustrate the shape and size of green synthesized MgONPs prepared by two varieties of *Saussurea costus* (Qustal hindi and Qustal bahri) at different magnifications (250000x and 80000x). [Fig 2A and 2B](#pone.0237567.g002){ref-type="fig"} showed a well dispersed and face centered cubic particles. However, SEM images gave further insight of their size and shape confirming that the surface morphology of MgONPs were uniformly distributed as cubic shaped assemblies of nanoparticles with particle size around 34 and 30 nm ([Fig 2C and 2D](#pone.0237567.g002){ref-type="fig"}).

![(a and b), (c and d) are the TEM and SEM images of MgONPs synthesized by *S*.*costus* (Qustal hindi and Qustal bahri) biomasses, respectively.](pone.0237567.g002){#pone.0237567.g002}

The EDS analysis showed prominent signals corresponding to Mg and O elements confirming the formation of MgONPs ([Fig 3A, 3a and 3B](#pone.0237567.g003){ref-type="fig"}). The results indicated that the average percentages of Mg and O were 38.15, 27.92 and 85.23, 86.01 for MgONPs prepared from *S*. *costus* (Qustal hindi and Qustal bahri), respectively. The dynamic light scattering (DLS) analyzer was used to assess the size and dispersion of the green synthesized MgONPs \[[@pone.0237567.ref057]\]. The calculated size of nanostructures ranged between 60--100 and 20--50 nm for MgONPs suspensions prepared by Qustal hindi and Qustal bahri, respectively with PDI (Poly dispesity index) of 1.00. The presence of the single peak conformed that the quality of biosynthesized MgONPs was excellent ([Fig 3B and 3a](#pone.0237567.g003){ref-type="fig"}). The observation can be accredited to the difference in concentration and combination of molecules present in the biomasses were the x-factor for the synthesis of different MgONPs. Zeta potential (ZP) determination is based on disturbance of nanparticles under the effect of electrostatic force and their environment. The formation of MgONPs was resulted form hydrogen bond and electrostatic interaction of biomolecules capping magnesium oxide \[[@pone.0237567.ref055]\]. There is no direct interaction between the nanoparticles even in accumulated conditions, suggesting their stability is due to capping metal oxide. The stability of prepared MgONPs was measured by zeta potential (ZP) and the results showed a high negative potential value of -20.5 mV indicating that the synthesized MgONPs are highly stable ([Fig 3B and 3b](#pone.0237567.g003){ref-type="fig"}).

![(A) EDS analysis (B) DLS and Zeta potential of MgONPs synthesized by *S*.*costus* (Qustal hindi and Qustal bahri), respectively.](pone.0237567.g003){#pone.0237567.g003}

Antimicrobial activity {#sec019}
----------------------

### Antibacterial {#sec020}

The antibacterial effect of green synthesized MgONPs with *S*. *costus* (Qustal hindi and Qustal bahri) were investigated and the obtained results demonstrated that MgONPs exerted potent antibacterial activity in a dose dependent manner ([Fig 4](#pone.0237567.g004){ref-type="fig"} and [Table 1](#pone.0237567.t001){ref-type="table"}). The inhibition zones were obtained as *E*. *coli* (15 mm), *P*. *aeruginosa* (16 mm), *S*. *aureus* (14 mm) and *B*. *subtilis* (10 mm) for MgONPs prepared from Qustal bahri. However, the inhibition zones obtained from MgONPs prepared by Qustal hindi were effective against *E*. *coli*, and *B*. *subtilis* as 8, and 12 mm, respectively. Thus, the above results indicated that the MgONPs synthesized by Qustal bahri showed excellent antibacterial activity against all tested pathogens rather than those obtained from MgONPs prepared Qustal hindi and the highest activity was observed against *E*. *coli* and *P*. *aeruginosa* at a concentration 35 μg mL^-1^. Furthermore, this higher antibacterial activity of synthesized MgONPs (Qustal bahri) can be attributed to their small size, morphology as well as the nature of bioactive compounds present in the *Saussurea costus* biomass.

![Antimicrobial activity of MgONPs synthesized by *S*. *costus* (Qustal hindi and Qustal bahri) against four bacterial strains.](pone.0237567.g004){#pone.0237567.g004}

10.1371/journal.pone.0237567.t001

###### Antibacterial activity MgONPs prepared from *S*. *costus* (Qustal hindi and Qustal bahri) against gram positive and gram negative bacteria.

![](pone.0237567.t001){#pone.0237567.t001g}

  Microorganisms      Zone of inhibition (mm) at conc. μg mL^-1^                            
  ------------------- -------------------------------------------- ---- ---- ---- ---- ---- ----
                      15                                           25   35   15   25   35   
  *S*. *aureus*       \-                                           \-   \-   11   11   14   19
  *B*. *subtilis*     9                                            10   17   9    10   10   12
  *E*. *coli*         \-                                           8    8    14   15   15   15
  *P*. *aeruginosa*   \-                                           \-   \-   12   13   16   16

### MIC and MBC of MgONPs against *E. coli* and *P. aeruginosa* {#sec021}

Agar well diffusion method was used to access the bacteriostatic and bactericidal concentration of MgONPs. The minimum concentration required to inhibit the visible growth of *E*. *coli* and *P*. *aeruginosa* was determined after incubation at 37°C for 24 h. The increase of MgONPs concentration (5--1280 μg mL^-1^) resulted in significant reduction in bacterial cell viability (*p \< 0*.*05*). MIC for *E*. *coli* and *P*. *aeruginosa* was 320 μg mL^-1^ ([Fig 5A and 5B](#pone.0237567.g005){ref-type="fig"}). MBC is the lowest concentration of test compound that causes death of bacterium under certain specific condition within a fixed time period \[[@pone.0237567.ref058]\]. MBC for *E*. *coli* and *P*. *aeruginosa* was observed 320 and 1280 μg/ml of MgONPs, respectively ([Table 2](#pone.0237567.t002){ref-type="table"}). The bactericidal effect of MgONPs such as cell and membrane damage might be attributed to oxidative stress induced by spontaneous release of ROS and RNS free radicals or electrochemical interaction between LPS with Mg^2+^ ions ([Scheme 1](#pone.0237567.g006){ref-type="fig"}) \[[@pone.0237567.ref059]\]. The observed zones inhibition could be related to the penetration of nanoparticles to the bacterial cells, preventing their growth.

![Minimum bactericidal concentrations (μg mL^-1^) of the MgONPs (Qustal bahri) against (a) *E*. *coli* (b) *P*. *aeruoginosa*. Results are expressed as Mean ± SD of triplicate experiments.](pone.0237567.g005){#pone.0237567.g005}

![Schematic diagram of the mechanism of antibacterial and cytotoxicity potential of MgONPs.](pone.0237567.g006){#pone.0237567.g006}

10.1371/journal.pone.0237567.t002

###### Minimum bacetericidal activity of MgONPs (Qustal bahri) against *E*. *coli* and *P*. *aeruginosa*.

![](pone.0237567.t002){#pone.0237567.t002g}

  Sample    CFU mL^-1^   
  --------- ------------ ---------
  Control   TNTC         TNTC
  5         TNTC         TNTC
  10        TNTC         TNTC
  20        TNTC         TNTC
  40        TNTC         TNTC
  80        TNTC         TNTC
  160       2×10^2^      4×10^4^
  320       135          2×10^2^
  640       5            NIL
  1280      1            NIL

### Morphological study of *E. coli* and *P. aeruginosa* (SEM) {#sec022}

The effect of MgONPs on the surface morphology of *E*. *coli* and *P*. *aeruginosa* was examined under SEM. As shown in [Fig 6C and 6F](#pone.0237567.g007){ref-type="fig"} the size and shape of the selected bacteria was changed when treated with MgONPs as a result of the surface coating of bacterial cells by nanoparticles. MgONPs penetrate the peptidoglycan membrane of *E*. *coli* and *P*. *aeruginosa* causing its damage, releasing the cell contents and consequently leading to cell death \[[@pone.0237567.ref059]\]. These results were compared with untreated bacterial cells ([Fig 6A and 6D](#pone.0237567.g007){ref-type="fig"}).

![SEM images of untreated and treated with MgONPs (Qustal bahri) and altered shape of *E*. *coli* and *P*. *aeruginosa*.](pone.0237567.g007){#pone.0237567.g007}

### Antifungal activity {#sec023}

The prepared MgONPs were tested at three different concentrations (15, 25 and 35 μgmL^-1^) for antifungal activity against *Candida tropicalis* ATCC 66019 and *Candida glabrata* strains. The MgONPs (Qustal hindi) showed potent antifungal activity against both fungal strains with inhibition zones 20 mm and 19 mm, respectively. However, MgONPs (Qustal hindi) displayed positive results only against *C*. *tropicalis* (20 mm) when compared with fluconazole as positive control ([Fig 7](#pone.0237567.g008){ref-type="fig"}). The antifungal effect MgONPs of could be due to the denaturation of fungal cells by penetration of MgONPs into the cell membrane and the interaction between Mg^2+^ ions with the SH- group of cell protein. Also, the oxidative stress due to the release of ROS free radicals could be the cause of fungal cell death \[[@pone.0237567.ref060]\].

![Antifungal activity of MgONPs synthesized by *S*. *costus* biomasses against *C*. *tropicalis* and *C*. *glabrata*.](pone.0237567.g008){#pone.0237567.g008}

### Anticancer potential of MgONPs {#sec024}

In the current study, cytotoxicity of green synthesized MgONPs using two different biomasses (Qustal hindi and Qustal Bahri) was evaluated using MTT assay against breast adenocarcinoma cells (MCF-7).

### Effect of MgONPs (Qustal bahri) on cell morphology {#sec025}

The cytotoxicity of MgONPs (Qustal bahri) on breast cancer (MCF-7) cell line was assessed by MTT and LDH assays. MTT assay was used to assess cell proliferation and cell viability with respect metabolic reduction potential of the active cell. The effect of the prepared MgONPs on MCF-7 cell viability was examined at five different concentrations (20, 40, 60, 80, and 100 μgmL^-1^) and time intervals (12, 24, 32, 48 and 60 h), respectively. Both the biosynthesized MgONPs induced MCF-7 cell cytotoxicity in a dose dependent manner. As depicted in [Fig 8A](#pone.0237567.g009){ref-type="fig"}, both MgONPs inhibit the proliferation and viability of MCF-7 cancer cells as much as 5-fluorouracil does (p\<0.05) \[[@pone.0237567.ref061]\]. After 48 h, IC~50~ values in MCF-7 cells were found to be 67.3% and 52.1% for MgONPs of *S*. *costus* (Qustal bahri) and (Qustal hindi), respectively. However, the high potential cell cytotoxicity was exhibited by MgONPs (Qustal bahri) as compare to the other one. The difference in the cytotoxicity is possibly related to the concentration of active constituents in the two varieties of *S*.*costus*. On the basis of cell cytotoxicity MgONPs (Qustal bahri) was chosen for further study. The results of microscopical analysis depicted that in the untreated group, a high cell density population with typical epithelial cell morphology was observed, whereas both treated group with MgONPs and the positive control group exhibited rounding, shrinking, membrane blebbing as well as chromatin condensation ([Fig 8B](#pone.0237567.g009){ref-type="fig"}). The possible mechanism of morphological changes could be attributed to cellular uptake of MgONPs by macro-pinocytosis or endocytosis and increase the production of ROS, which activated the apoptotic pathway and led to cell death ([Scheme 1](#pone.0237567.g006){ref-type="fig"}) \[[@pone.0237567.ref059]\]. To assess the cellular damage, lactate dehydrogenase (LDH) assay was used. It is a soluble cytoplasmic enzyme released into the extracellular medium during damage of cell membrane and its concentration indicates the cellular toxicity \[[@pone.0237567.ref062]\]. LDH assay was employed to estimate the cytotoxicity of MgONPs on the treated cells. LDH also confirms that the nanoparticles possess the cytotoxic effect again cancer cells in a dose dependent manner and resulting in cell death \[[@pone.0237567.ref062]\] ([Fig 8C](#pone.0237567.g009){ref-type="fig"}).

![Anticancer effect of MgONPs on MCF-7 cells (A) MTT analysis to estimate the cytotoxicity (B) LHD assay to detect the membrane integrity and (C) microscopic images describing morphological changes.](pone.0237567.g009){#pone.0237567.g009}

### DNA damage and MgONPs (Qustal bahri) induced apoptosis {#sec026}

DNA laddering assay was used to confirm the fragmentation of DNA, which induced death in cancer cells by MgONPs. The treated cells displayed DNA laddering pattern whereas, only single DNA laddering band was obtained in the untreated cells. Moreover, the positive control group also showed DNA laddering pattern ([Fig 9A](#pone.0237567.g010){ref-type="fig"}). The possible apoptotic pathway is due to increase in ROS level, which leads to several pathological changes such as, DNA damage, protein oxidation, lipid peroxidation and inflammation \[[@pone.0237567.ref063]\]. In this study, the mechanism of the anticancer potential of MgONPs was assessed by studying the intracellular ROS. The outcome spectrofluorometric results demonstrated an extensive increase in fluorescence intensity in the group of cells treated with MgONPs as compared with the control group. Further investigation was carried out using fluorescence microscopic detection ([Fig 9B](#pone.0237567.g010){ref-type="fig"}). The treated group showed enhanced green fluorescence intensity rather than the control and positive control cells, revealing the elevation and accumulation of ROS level associated with the apoptotic effect of MgONPs on MCF-7 breast cancer cells ([Fig 9C](#pone.0237567.g010){ref-type="fig"}).

![(A) Light microscope showing DNA fragmentation in MCF-7 cells, (B) Fluorescence microscopic images of MCF-7 cells treated with CM-H2 DCFDA, intracellular ROS indicator after treatment with MgONPs (C) quantification of ROS level using fluorescence spectroscopy, (D) Fluorescence microscopic images of MCF-7cells treated with JC-1 staining to assess the mitochondrial membrane potential (ΔΨm) after treatment with the MgONPs for 24 h in comparison with Piacitaxel (40×) (E) Bar diagram illustrating the percentage of cells with disrupted MMP.](pone.0237567.g010){#pone.0237567.g010}

### The Loss of mitochondrial membrane potential induced by MgONPs (Qustal bahri) {#sec027}

Rhodamine 123 dye was used to stain the treated cells with MgONPs to evaluate the loss of membrane mitochondrial potential (MMP Ψm) in MCF-7 cancer cells. The fluorescence microscopic detection of MgONPs treated group cells showed a significant decrease in fluorescence intensity (*p \<*0.05, three fold) as compared to control group cells, indicating the disruption of MMP. The observed decrease in fluorescence intensity confirmed that MgONPs could enhance the loss in MMP ([Fig 9D and 9E](#pone.0237567.g010){ref-type="fig"}).

### Apoptosis in MCF-7 cells induced by MgONPs (Qustal bahri) {#sec028}

The dual staining technique was used to detect the rate of apoptosis induced by MgONPs. Double fluorescence staining acridine orange (AO) and ethidium bromide (EtBr) was used to examine the treated and untreated cell morphology under light microscope. It enables to distinguish the normal, early and late apoptotic as well as necrotic cells along with the nuclear morphology \[[@pone.0237567.ref064]\]. The normal and early apoptotic cells could be detected as green fluorescence by penetrating AO into the plasma membrane and binding with cell DNA. However, late apoptotic and dead cells emitted orange-red fluorescence after staining with EtBr which enter the damaged cell membrane. The obtained results showed uniformly dispersed stained green cells in the control group which indicates the presence of viable cells ([Fig 10A](#pone.0237567.g011){ref-type="fig"}). However, the presence of orange colored stained cells in MgONPs treated cells, indicating the presence of apoptotic cells, while as dual stained green and orange colored were found in Paclitaxel treated cells, illustrating necrosis. The comparative results of quantitative detection demonstrated a potential increase of dead cells in MgONPs treated group (84.3 ± 0.01% dead and 15.7 ± 0.02% viable cells), (8.3 ± 0.7% dead cells and 91.8 ± 0.9 viable cells) in the control group and (65.4 ± 0.06% dead cells and 34.6 ± 0.04% viable cells) in Paclitaxel treated group ([Fig 10B](#pone.0237567.g011){ref-type="fig"}). Further insight to study the mode of cell death induced by MgONPs in MCF-7 cells 4′,6-diamidino-2-phenylindole (DAPI) staining was performed. The treatment of MgONPs of MCF-7 cells caused morphological alteration and chromatin condensation in the nucleus, illustrating the apoptotic effect of MgONPs depend on the production of ROS, which resulted in oxidative stress mediated cell death in MCF-7 cells ([Fig 10C](#pone.0237567.g011){ref-type="fig"}). The intracellular ROS level enhanced by MgONPs disrupted the MMP and caused activation of the intrinsic pathway of apoptosis leading to cell death \[[@pone.0237567.ref065]\].

![Antiproliferative effect of MgONPs at its IC~50~ in MCF-7 cells as depicted by (A) AO/EtBr double staining (B) quantification of apoptotic population (C) DAPI staining (D) Wound healing showing inhibition of cellular migration in MgONPs treated group of MCF-7 cells.](pone.0237567.g011){#pone.0237567.g011}

### Cellular migration and delayed wound healing effect of MgONPs {#sec029}

Cell migration is one of the most important key features of cancer cells which affect their spreading and metastasis. Wound scratch healing assay was used to evaluate the effect of MgONPs on cellular migration. [Fig 10D](#pone.0237567.g011){ref-type="fig"} showed a significant inhibition in cellular migration and delayed wound healing.

### Photocatalytic effect of MgONPs {#sec030}

The photocatalytic properties of the green synthesized MgONPs were investigated based on their ability to degrade the organic dye such as methylene blue (MB) which is involved in various industry purposes. The optimum absorbance of MB was determined as a function of time intervals and the percentage of decolonization was calculated. The measurements were carried out at absorbance wavelength 660 nm. [Fig 11](#pone.0237567.g012){ref-type="fig"} showed the degradation effect of MgONPs on MB in the presence of both UV and visible lights. It was observed that the synthesized MgONPs prepared by Qustal bahri and Qustal hindi exhibited 92% and 59% times the potent catalytic activity higher than the blank MB. The obtained results are attributed to the ability of metal oxides nanoparticles to absorb light and produce a charge separation with the formation of holes that can oxidize or reduce the organic compounds such as organic dyes \[[@pone.0237567.ref066], [@pone.0237567.ref067]\]. Similarly, the photocatalytic process of MgONPs, are due to their activation in the presence of UV or visible light and the photoexcited electrons are trasferred from the valance band to the conduction band inducing electron/hole pair (e-/h+) which responsible for the redox interaction of the adsorbed organic dye on their surface.

![Catalytic effect of MgONPs calculated as % of MB dye degradation in the presence of UV radiation and sunlight.](pone.0237567.g012){#pone.0237567.g012}

Conclusion {#sec031}
==========

The current study described simple, clean, ecofriendly, safe and inexpensive method for the synthesis of MgONPs using two root extracts of *S*. *costus*. The synthesized MgONPs were subjected to different microscopic and spectroscopic investigations to ensure their nanostructures. The obtained results revealed the formation of nanoparticles with particle size of 30 and 34 nm for the MgONPs prepared using Qustal hindi and Qustal bahri, respectively. These nanoparticles were screened for antimicrobial and cytotoxicity against different pathogenic microbes as well as MCF-7 cancer cells. It was found that the nanoparticles showed improved antimicrobial and anticancer properties when compared with the biomasses of *S*. *costus*. Moreover, MgONPs prepared from Qustal bahri biomass exhibited better antimicrobial and anticancer potential. Also, the synthesized nanoparticles demonstrated an enhanced 92% and 59% photocatalytic degradation of methylene blue after UV irradiation for 1 h for those prepared using Qustal bahri and Qustal hindi, respectively.
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